Abstract. Immigration and local recruitment play a central role in determining the growth rate of breeding populations. Unraveling these processes in newly established populations is of great importance to increase our understanding of how species change their distributions in response to global change. We studied the largest colony of glossy ibis (Plegadis falcinellus) in Western Europe (established in 1996 in Doñana, SW-Spain) by using capture-recapture methods, count estimates, and projection matrix modeling to: (1) test the effect of resource availability and competition on local recruitment dynamics, (2) investigate the contribution of local recruitment vs. immigration on population growth, and (3) assess the role of this population in source/sink dynamics. We found different dynamics before and after the establishment of satellite colonies in Doñana in 2004 . Between 1996, the population increased rapidly, fueled by immigrants (≈58 breeding females/ yr). Between 2003 and 2007, however, both colony size increase and immigration were negligible. Immigration played a major role in colony growth, but simultaneously this colony was a source population driving expansion of the species range as suggested by (1) absolute and relative estimates of the observed growth rate relative to that predicted by self-recruitment, and (2) numerous observations of Doñana-born individuals breeding elsewhere. Local recruitment, which was particularly high for first-year individuals (probability >0.8 for the early study years), was not directly related to resource availability or previous-year breeding success. Local recruitment decreased rapidly at a threshold population size, however, when other satellite colonies became established at Doñana. Our study suggests that even when recruitment at an early age and high productivity are observed, immigration can still play a pivotal role in promoting the fast growth of new populations at the edge of a species range, at least until density-dependent effects arise. This process can be so fast that within a few years a new population can itself become a source population, further driving range expansion of the species.
introduction
The distribution of many species of birds and other organisms is undergoing rapid change in response to human activities (Le Galliard et al. 2012) . These changes in distribution reflect processes at individual and population levels that are usually poorly understood and hard to study. Environmental and genetic constraints regulate life-history traits and ultimately population size (Stearns 1992) mostly through variation in (1) survival, (2) age at first reproduction, and (3) number of fledglings per pair. These parameters can be estimated and used in matrix models (Van Groenendael et al. 1988) to estimate the contribution of local recruitment to the growth of breeding populations (e.g., Doxa et al. 2013) , which also depends on immigration/emigration. Within a metapopulation in which individual populations are linked by dispersal, the recruitment and growth rates of a specific population determine its source-sink dynamics and therefore affect metapopulation dynamics and species distribution (Hanski 1998) . It is particularly important to investigate the mechanisms underlying variation in life-histories and ultimately population dynamics at range limits where peripheral populations may be promoting the geographical expansion or contraction of a species (Gaston 2009) .
The rate at which new breeders recruit can be affected by numerous factors that may be biotic or abiotic, intrinsic or extrinsic. For instance, the "conspecific attraction hypothesis" (CAH) (Stamps 1988) posits that local population size can be used by potential recruits as a proxy for environmental conditions and therefore influence their settlement decision (see Oro and Pradel 2000) . Instead of the mere presence of conspecifics, their reproductive success can be used to assess the suitability of a site for recruiting (Danchin et al. 1998) . We refer to this as the "reproductive success hypothesis" (RSH) . A number of other factors related to the extent of 1 E-mail: santoro@ebd.csic.es competition may also affect recruitment, and the "food availability hypothesis" (FAH) refers to one of these (Porter and Coulson 1987) . Life-history theory posits that the age at first reproduction varies according to the tradeoff between related benefits and costs, in terms of survival and future reproduction (Stearns 1992) . Survival and reproductive performance tend to increase with age (Forslund and Pärt 1995) , with the specific form of this relationship determining the optimal age at first reproduction. There is a well-established positive relationship between longevity and age at first reproduction in birds (Møller 2006) , but factors such as habitat heterogeneity and population density might override this general rule.
The glossy ibis is a semi-cosmopolitan long-lived bird species (Newton 2003) whose population dynamics and demographic parameters are little known (but see Davis and Kricher 2000, Santoro et al. 2013 and references therein) . Following the creation of a managed wetland within Doñana in SW Spain, a mixed colony (with several heron species) was established in 1996 with only seven pairs of glossy ibis, whose breeding population has increased steeply since then (Santoro et al. 2010 , Ramo et al. 2013 .
In this study, we investigated the demographic processes that regulate the expansion of a species by long-term monitoring of the glossy ibis breeding population at Doñana. First, we evaluated the effects of intrinsic and extrinsic factors on the local survival and recruitment. We calculated the age of first reproduction for both sexes, and tested the hypothesis that local survival depends on both age and sex. We also tested the hypotheses that local recruitment would be positively correlated with breeding success the previous year (Reproductive Success Hypothesis), resource availability in feeding grounds (Food Availability Hypothesis), and the size of the colony (Conspecific Attraction Hypothesis), bearing in mind that we could not evaluate tradeoffs between these hypotheses. Second, we investigated the influence of local recruitment vs. immigration on growth of the breeding population, at the same time using this information to assess the source-sink nature of the study population. Finally, we described the recent range expansion of glossy ibis based on resightings of individuals hatched at Doñana. We reveal a particularly strong contribution of one colony to the geographical expansion of a species, which has rarely been reported in any bird.
methodS

Study area, colony site, and field data
Doñana is a large protected wetland area covering 108,087 ha (details in Ramo et al. 2013) . After being extinct in Doñana for many decades, in 1996 seven breeding pairs of glossy ibis settled in a pond-system (50 ha) known as "Lucio de la FAO" (FAO hereon) (Santoro et al. 2010 (Santoro et al. , 2013 ). Strong population growth followed, with more than 7,000 breeding pairs estimated in 2011 in the whole of Doñana. After an initial period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) when they only bred at the FAO colony, ibis started to breed in satellite colonies within the Doñana marshes. Over the last 20 yr, other smaller breeding colonies have established in East (1993) and Northeast Spain (1996) (Mañez and Rendón-Martos 2009) , in the Camargue, France (2006) (Kayser et al. 2009 ), Argelia (1998 (Boucheker et al. 2009 ), Southwest (1994 , and North (2011) Morocco (Amezian et al. 2012) . Additionally, irregular breeding has occurred in Portugal (Noivo and Jara 2007), Italy (Brichetti 1986 , Grussu 2004 , and some other areas in Spain, France (Marion and Marion 2011) and Morocco, especially since 2005 when a severe drought prevented breeding in Doñana (Santoro et al. 2013 ; details in Table S1 ).
Since 1996, more than 16,000 ibis chicks have been marked in Doñana with darvic rings with an alphanumeric code (3-4 digits) easy to be read with a telescope from up to 100 m. Almost 4,000 chicks have been unequivocally sexed by DNA. Furthermore, from 1998 onwards ~10 000 chicks have been visually sexed according to tarsus shape (Figuerola et al. 2006 ) with an error probability (range 0.01-0.2) dependent on year and ringer (see Santoro et al. 2013 for details). Until 2002, the Natural Processes Monitoring Team of the EBD-CSIC made an accurate estimate of both population size and productivity by conducting exhaustive counts of nests and fledglings during banding operations, combined with counts from vantage points (details in Mañez and Rendón-Martos 2009) . Afterwards, density at the colony increased to such an extent that precise counting of fledglings became difficult and estimates refer to the minimum number of fledglings produced, thus resulting in low-biased productivity estimates. For the second period (2003) (2004) (2005) (2006) (2007) , productivity estimates remained roughly constant showing no decrease (details in Mañez and Rendón-Martos 2009) .
Analytical approach
Our approach combines capture-recapture (CR) estimates of local demographic parameters, counts, matrix population modeling (Caswell 2001) , and observations of Doñana-born individuals outside their natal site. First, we used CR modeling to test hypotheses on intrinsic and extrinsic factors regulating local survival and recruitment of new breeders into the colony. The CR data we used were exclusively those obtained by marking of chicks and their subsequent resightings as adults at the FAO colony. Thus, we could not distinguish mortality from permanent emigration away from the natal colony and the estimated probability of recruitment was specific for FAO-hatched individuals recruiting into the same colony (local recruitment). Second, we used CR and count estimates within matrix models to assess the contribution of local recruitment vs. immigration and therefore the source-sink role of the study population. Third, we performed a sensitivity analysis to determine the importance of each intrinsic parameter (survival, recruitment, and productivity) on population growth. Last, we described the range expansion through the study period from observations of marked individuals born in Doñana.
Survival and recruitment analysis
We performed a multievent CR analysis (Pradel 2005) to test hypotheses on the local survival and local recruitment (see above) by using resightings of individuals (n = 5565) at the FAO colony during the breeding season (April-July) between 1996 and 2007. Observations at the breeding colony after 2007 were sparse and therefore excluded from analyses. We assumed that all the individuals seen at the colony were breeders so that local recruitment estimates corresponded to the annual probabilities of becoming a new breeder into the colony. These estimates would be high-biased if nonbreeders visited the colony regularly. Our observations suggest this is not the case, however, as reproductive behavior was observed in many first-year and adult birds, and there is no evidence of helpers at the nest in this species (Davis and Kricher 2000) . The multievent approach (Pradel 2005) aimed to deal with uncertainty in the sex determination of ibis chicks by accounting for sex identification by both DNA-and visual sexing.
In this study, we considered five biological states: † for permanently emigrated away from the FAO colony or dead, ♀NB for female nonbreeder, alive, ♀B for female breeder, alive, ♂NB for male nonbreeder, alive, and ♂B for male breeder, alive (see Appendix S1 for details of the modeling approach). We assumed that once an individual became a breeder it remained so until death, and we considered two age classes, both for local survival and recruitment rate (Fig. 1) . These states were mediated by four events, numbered as they appear in the encounter histories: (0) not seen, (1) seen and visually sexed as a female, (2) seen and visually sexed as a male, and (3) seen but sex not determined. Five parameters were estimated: (1) Initial State, the probability an individual was a female chick when ringed at time t; (2) Survival, P of surviving and not emigrating permanently between t and t + 1; (3) Recruitment, conditional on Survival, P of recruitment between t and t + 1; (4) Resighting, P of being resighted at time t + 1; (5) Visual Sexing, conditional on Resighting, P of being visually sexed when first captured and marked; and (6) Correctness, conditional on Visual Sexing, P that visual sex was correct. Models were run in E-SURGE (version 1.8.5) (Rouan et al. 2009 ).
We used U-CARE (version 2.3.2) ) to perform a goodness-of-fit test of the general CormackJolly-Seber model on all observations of marked individuals (except first capture) and found no significant lack of fit (Global Test: χ 2 = 21.6, df = 24, P = 0.6). Parameters were modeled separately in sequential steps to limit both the influence of the modeling order and limit the number of models (details in Appendix S2; see also Grosbois and Tavecchia 2003) . According to previous analyses (Santoro et al. 2013) both Visual Sexing and Correctness were fixed as depending on the cohort. As a general rule, throughout the model simplification process we retained the structure of models in which AIC c (Akaike Information Criterion corrected for small sample sizes) was at least two units lower than others.
FiG. 1. Life-history diagram of Glossy ibis at the FAO colony. Notation: NB, nonbreeder; B, breeder; φ, local survival probability; ψ, local recruitment probability; subscripts 1 and 2 refer respectively to specific probabilities for the first year of life and for later years. Transitions toward dead or permanently emigrated states are not explicitly represented.
Where other models existed within 2 AIC c units, the least parameterized was retained (Burnham and Anderson 2002) . Due to data sparseness, we set Survival as constant over time and tested only for the effects of age (first-year individuals vs. adults), sex, and breeding status. For Recruitment, besides variation due to age and sex, we also evaluated the following time-varying effects: (1) breeding success at time t, (2) flooded marsh surface at time t and t + 1, (3) population size at the FAO colony, (4) dry vs. wet years, and (5-6) time and cohort effects before and after the establishment of other breeding colonies in Doñana (see Santoro et al. 2013 for details of parameters [2] and [4]). We used the analysis of deviance (ANODEV) procedure to test the effect of each timevarying covariate by comparing the deviance of the null, full time-dependent and covariate models; furthermore, we estimated the size of each covariate effect by the amount of deviance explained (Skalski et al. 1993) .
The default Wald method is inappropriate to calculate confidence intervals (95%) of boundary estimates (close to 0 or 1) . Therefore, we used the profile likelihood method by iteratively fixing the parameter to decreasing (if close to 1) or increasing (if close to 0) values until the model deviance changed significantly (which corresponds to a change of 3.84 in deviance, see Tavecchia et al. 2009 ).
Contributions of local recruitment and immigration to population growth
According to the CR analyses, local recruitment varied mainly between a first period when the entire Doñana population was breeding at FAO and a second one when satellite colonies were created. Hence, in this section we considered two periods: 1996-2003 (only FAO) and .
First, for each period we calculated the observed average breeding population growth rate and its 95% CI by performing a regression of log(N i+1 /N i ) against year i+1 / year i where N i are the number of pairs counted in year i (details in Appendix S3 and supplement; see also Morris and Doak 2002) . Second, for each period we calculated the predicted growth rate as the dominant eigenvalue (R package popbio; Stubben and Milligan 2007) of the Leslie projection matrix built with estimates of local survival, local recruitment, and productivity (Fujiwara and Caswell 2002 , see next section). Since after 2002 only minimum productivity estimates were available and no differences between the mean productivity calculated for the two periods existed, we used a single estimate (mean and SD) calculated from data collected until 2002. According to CR model selection, we considered two age classes (first-year vs. others) for both survival and recruitment rates and, for the second age class, a different survival rate for nonbreeding and breeding individuals. Capture-recapture estimates were obtained from a model (R7 in Table 1 ) including the same variables as the best model (R1 in Table 1 ) except for the inclusion of a twoperiod (1996-2003 and 2003-2007) time-effect on local recruitment. Although this was done at the cost of losing some realism, it allowed us to maintain a simple and logical framework to test the population dynamics over these two periods, which were strikingly different, as indicated by CR model selection. We calculated the population growth rate by applying a standard female-based time-invariant matrix model (Caswell 2001 ) that considered the following stages: new-born individuals, nonbreeder first-year individuals, nonbreeder adults (>1 yr old), breeding first-year individuals, and breeding adults. As for CR analyses, we assumed that once an individual became a breeder, it remained so until death. Thus, the Leslie matrix was defined as: where φ represents the local survival rate, ψ the recruitment rate, f the fecundity (productivity) and the subscripts "1", "2", "NB", and "B" represent respectively the first vs. later years of life, nonbreeder and breeder (Fig. 1) . While the predicted growth rate depends exclusively on locally born individuals, the observed rate depends also on immigration (see Appendix S3 and supplement). After Peery et al. (2006), we investigated the source-sink nature of the study population by testing whether count-derived and matrix-predicted growth rates were different from 1 (stable population) and if the observed growth rate was significantly higher than the matrix-predicted rate (criteria summarized in Table S3 ). When that was the case, we included in the Leslie projection matrix another state, immigrants (see Doxa et al. 2013) , and iteratively repeated (n = 10 000; see next section) the process to calculate the annual average number of female immigrants needed to match the observed population size.
Simulations and sensitivity
For two periods (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2003) (2004) (2005) (2006) (2007) we used Latin Hypercube Sampling (R package lhs, Carnell 2012) to create 10,000 simulations, each consisting of a random parameter set from within realistic ranges (95% CI estimates) of the demographic parameters used in the Leslie matrix. Apart from estimating the predicted growth rate and number of immigrants, these simulations were used to perform a sensitivity analysis (R package sensitivity, Pujol et al. 2014) to determine the importance of each demographic parameter (productivity, age-specific local survival and recruitment) on the predicted growth rate. Details of the matrix modeling and simulations (R-code) are given in Appendix S3 and supplement.
Breeding dispersal of Doñana-born individuals
We described the spatial distribution of resightings of Doñana-born individuals over the last 19 breeding seasons. We only considered resightings more than 100 km away from Doñana, and classified them separately according to whether or not the individual was recorded as a breeder. In order to focus on breeding dispersal, we only considered resightings during the core breeding period (May-July), except for individuals explicitly reported as breeders.
reSultS
Local survival and recruitment
Based on the estimates of the best model (R1 in Table 1), local survival (i.e., the probability of surviving and not emigrating from the area) was similar for first-year males and females (0.75, 95% CI = 0.65-0.83). Adult male breeders had a much higher local survival probability (0.85, 95% CI = 0.81-0.89) than nonbreeders (0.01, 95% CI = 0-0.68). The reverse occurred among adult females, with higher estimates for nonbreeders (0.99, 95% CI = 0.78-1) than for breeders (0.73, 95% CI = 0.68-0.78) (see Appendix S2, Table S1 for model selection on Survival).
None of the local recruitment hypotheses (reproductive success RSH, conspecific attraction CAH and food availability hypotheses FAH) was supported. Local recruitment was not directly related to breeding success (contrary to RSH), population size (contrary to CAH), flooded marsh surface (contrary to FAH), or wet/dry years. Local recruitment differed between cohorts hatched before and after the creation of satellite colonies in 2004 (model R1 in Table 1 ), however, when the population size was about 700 breeding pairs. Indeed, the model accounting for this effect was strongly supported, explaining about 92% (F 1,7 = 6.39, P < 0.05) of local recruitment variation over time. According to the model, local recruitment was higher and constant for cohorts born before 2003, but progressively declined for subsequent cohorts (Fig. 2) . A model accounting for an
Local recruitment probabilities (±95% CI) according to the lowest AIC c model, accounting for the effect of age, sex, and cohort. According to this model, the local recruitment probability over the first period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) is constant. Notation: filled circles refer to first-year males, filled squares to first-year females, empty circles to adult males, empty squares to adult females.
analogous time (instead of cohort) effect on recruitment rate was similarly supported by the data (model R2 in Table 1 , ΔAIC c = 1.60). On average, the local recruitment probability was much higher for first-year individuals than for adults, and slightly higher for males than females (Fig. 2 , see Appendix S2, Table S1 for model selection of time-unvarying effects on Recruitment). Overall, the highest probabilities of local recruitment were estimated for first-year individuals during the first period (1996 -2003) (males: 0.87, 95% CI: 0.74-0.94; females: 0.78, 95% CI: 0.64-0.87).
Resighting probabilities varied with time (Appendix S1, Fig. S1 ) and Initial State probability was constant across the study period (0.53, 95% CI 0.49-0.57) (see Appendix S2, Table S1 for details).
Population growth
The annual average growth rate of the FAO population was significantly greater than one (λ obs-1 = 1.92, 95% CI 1.45-2.38, Z = 3.85, P two-tailed < 0.001) through the first period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) ) when recruitment at Doñana was possible only at the FAO colony, but was lower and not significantly different from one from then onwards (λ obs-2 = 1.22, 95% CI 0.80-1.87, Z = 1.04, P two-tailed = 0.30) (Fig. 3) .
The annual average number of fledglings per pair as estimated by counts until 2002 was 2.12 (95% CI 1.38-2.86).
According to the matrix model (i.e., without immigration influx), the predicted annual growth rate would have been significantly positive for the first period (λ pred-1 = 1.43, 95% CI 1.21-1.66, Z = 3.79, P two-tailed < 0.001), and nonsignificantly positive during the second period (λ pred-2 = 1.26, 95% CI 1.10-1.43, Z = 1.43, P two-tailed = 0.15) (Fig. 3) .
Over the first study period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) , the observed annual growth rate exceeded that predicted by the matrix model (Z = 5.36, P one-tailed < 0.001), indicating a net immigrant influx estimated at 58 female immigrants per year (95% CI 35-92). Over the second period (2003) (2004) (2005) (2006) (2007) , the observed growth rate was not significantly different from the matrix-predicted rate (Z = −0.38, P two-tailed = 0.71), indicating that no net immigration occurred.
According to the criteria (Appendix S3, Table S1 ) for defining the source-sink role a local population may play within a metapopulation, the FAO population would be categorized as "stable, open and a potential source" during the first period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) and "increasing, closed or a source" throughout the second period (2003) (2004) (2005) (2006) (2007) .
Sensitivity analysis
The number of fledglings per pair had the greatest potential impact on the predicted population growth rate (Appendix S3, Fig. S1 ). We found that, without any contribution from immigration and keeping the other demographic parameters constant, 3.85 fledglings per pair (~1.8 times the observed value) would have been needed to achieve the observed growth rate through the first period.
Breeding dispersal distribution area
Three hundred and forty-nine Doñana marked individuals were resighted elsewhere during the breeding season: 61 were reported as active breeders. The first record occurred in 1999 coinciding with the first dry year in Doñana, but the next resighting was not until the next local drought (in 2005) when ibis did not breed in Doñana (Appendix S1, Table S1 ). The observations came from an area stretching from Southwest Morocco to Scotland to the western shore of the Black Sea (Fig. 4 ). An individual hatched in Doñana was seen in July 2008 in Trinidad and Tobago and another in September 2010 in Barbados.
diScuSSion
Our study shows that a new waterbird colony can experience a sharp increase largely due to immigration, at least until density-dependent mechanisms arise. As well as immigration, high productivity and early recruitment may facilitate the creation of a new source population driving the expansion of the species. Our findings suggest that males and females may follow different dispersal strategies depending on interactions between environmental and demographic factors. 
Local recruitment
Previous studies in North American populations provided conflicting results about age at first reproduction for glossy ibis, suggesting that sexual maturity was reached at 3 yr of age in the core of their distribution area (Byrd 1978) and at 1 yr for populations at the edge of their range (Miller and Burger 1978) . We found that, for most individuals, first breeding occurred at the age of one. Age at first reproduction is the first demographic parameter to change as population density increases (Stearns 1992) , and this may explain inter-population differences in this parameter.
We found no support for the "conspecific attraction hypothesis" (Stamps 1988) or the "reproductive success hypothesis" (Danchin et al. 1998 ), because neither breeding success nor colony size was related to local ibis recruitment. This might be because using public information (sensu Valone 1989) may be favoured only when the environment is predictable from one season to the next (Boulinier and Danchin 1997) . Doñana provides good but highly variable conditions for many colonial waterbirds (Ramo et al. 2013) .
Even though we did not find a linear relationship between local recruitment and population size, density-dependence was likely, as indicated by the cohort effect on local recruitment before and after the creation of satellite colonies to which individuals hatched at FAO may recruit with negligible dispersal costs. We found no evidence for the "food availability hypothesis" (Porter and Coulson 1987) or for the effect of dry years on local recruitment. Flooded area may not have been a reliable proxy for availability of resources, since extensive flooding may reduce resource accessibility owing to the increase in water depth (see Santoro et al. 2013) . It is possible that we overlooked a negative effect of dry years on local recruitment rate because of the concurrent decrease in local recruitment that started after the formation of satellite colonies in 2004 (just before the second dry year). A previous CR analysis of post-breeding data indicated that dry years at Doñana strongly enhanced permanent emigration (Santoro et al. 2013) , and the present study confirms this pattern. The first observation of a Doñana-hatched individual dispersing elsewhere coincided with the first dry year (1999), and there were no further observations until the next one (2005) .
A basic assumption we made for our modeling approach was that once individuals were first recruited, they remained as breeders. In long-lived species, however, young individuals may visit a reproductive colony without breeding, or skip breeding for some years ( Sanz-Aguilar et al. 2011) . Estimates from our modeling approach would be biased if violation of this assumption resulted from either permanent emigration of individuals after their first breeding or by Markovian temporary emigration depending on breeding status on the previous occasion (Schaub et al. 2004) . Neither permanent nor Markovian temporary emigration were detected by the "2.CT" component of the goodness of fit test (signed statistic for trap-dependence = 0.08, P = 0.94), however, which has good statistical power .
Local survival
Adult local survival estimates differed greatly among sexes and reproductive states, probably due more to variation in dispersal than in survival. Our findings suggest that males unable to breed in their first year of life were much more prone to disperse than females. Previous studies in this population (Santoro et al. 2013 (Santoro et al. , 2015 suggested that: (1) as colony size increased, more female than male chicks died during the parental care period, gradually biasing the fledging sex ratio towards males; and (2) the opposite temporal pattern appeared among the post-fledging sex ratio, suggesting that sex-related dispersal overrides the excess of one sex among fledglings. Thus, it seems likely that first-year males outnumbered first-year females, suffering higher competition for mating and were therefore more likely to disperse if they failed at their first breeding attempt as juveniles. This is also consistent with previous evidence (Santoro et al. 2013 (Santoro et al. , 2015 that relatively more males dispersed as the population size increased. Alternative, nonexclusive explanations exist, however. Sexual differences in costbenefit ratios for dispersal might also be explained by other differences between sexes, such as territoriality, size dimorphism, or by greater proportions of male immigrants (see Clobert et al. 2012) .
Population growth
Often, new colonies are more productive and fastergrowing than old colonies (Porter and Coulson 1987 , Tims et al. 2004 , Kildaw et al. 2005 , but see Coulson and Coulson 2008) , especially when they are promoting the range expansion of the species (Phillips 2009 ). Likely explanations are: (1) new colonies are fueled by dispersing, inexperienced individuals and inhabit unexploited, good-quality patches with little competition for food (Porter and Coulson 1987 , Oro and Ruxton 2001 , Tims et al. 2004 ); or (2) new and highly productive colonies attract local and nonlocal recruiters (Danchin et al. 1998) dispersing from old, saturated colonies with high levels of competition. Our study suggests that breeding success and recruitment may form a positive feedback loop increasing the population growth rate. First, we found high productivity over the entire study period (more than two fledglings per pair) compared with other studies on this species (~0.4-1 fledglings/pair in North America and Australia; Williams 1975 , Burger 1978 , Miller and Burger 1978 , Lowe 1983 ). High fecundity rates were also found in a recently settled glossy ibis population in Algeria (Boucheker et al. 2009 ). Second, both local and nonlocal recruitment contributed to the population increase, which was steep until 2003. The effect the immigration had on population increase during the initial phase appears substantial (58 females/yr), and almost double the recorded mean breeding success would have been necessary to achieve the observed population growth rate in its absence. Furthermore, the observed early age at recruitment might have been related to the high productivity of the colony, as found with cormorants (Frederiksen and Bregnballe 2001) .
The growth rate of long-lived bird populations is mostly affected by adult survival, whereas that of shortlived species usually depends more on fecundity (Saether and Bakke 2000) . The population growth rate was mostly affected by productivity (Appendix S3: Fig. S1 ), however, which suggested that although it is a long-lived species (up to 20 yrs of age, Davis and Kricher 2000) , glossy ibis may achieve very high reproductive outputs.
Source-sink dynamics
Several studies support the idea that populations at the edge of their distribution range tend to facili tate dispersal and range expansion through behavioral (e.g., aggressiveness; Duckworth and Badyaev 2007) or life-history (e.g., fecundity, dispersal propensity; Phillips 2009 , Lindström et al. 2013 characteristics. In Doñana, before the formation of satellite glossy ibis colonies, natal recruiters faced two very different strategies: recruiting locally or breeding somewhere far away. However, since 2004 they faced a third option: recruiting at a neighboring colony inside Doñana, from which resighting data were not collected due to logistical constraints (Mañez and Rendón-Martos 2009) . While until 2003 the entire Doñana population bred at the FAO, since 2004 the local recruitment, immigration rate and growth rates reported herein, refer uniquely to the FAO colony which overall was still growing after 2004 (Santoro et al. 2010) . Thus, although the FAO/Doñana population was a potential source throughout the first period (Appendix S3: Table  S1 ; Peery et al. 2006) , it is highly likely that it acted as a source population after 2004 and continued to do so, as suggested by the many Doñana-born individuals breeding elsewhere in recent years (Fig. 4) .
Final remarks
The glossy ibis is catalogued as of conservation concern and in decline in Europe (Burfield and van Bommell 2004) . The origin of the Doñana colonizers and immigrants is uncertain; but long-distance recoveries of marked individuals suggest they may have come from populations breeding in East Europe (Black Sea) that winter in Western Africa (Figuerola et al. 2004 ). Resightings of Doñana-born individuals make clear that the metapopulation range includes the Mediterranean basin, Western Europe and Eastern Europe. As demonstrated by many breeding sites occupied only sporadically (Fig. 4) , the glossy ibis is a plastic species adapted to highly variable and unpredictable habitats with great capacity to disperse when breeding conditions are adverse. The Doñana population has enabled this species to rapidly expand to a number of suitable areas in Western Europe and the Mediterranean basin.
In conclusion, our study illustrates how the high rate of increase of a newly established population can be boosted by high immigration more than by intrinsic demographic parameters. At the same time, under favorable conditions, this process can be so fast that such a new population can itself rapidly become a source population driving range expansion.
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